Late Onset Alzheimer Disease (LOAD) constitutes the majority of AD cases (~90%). Amyloidosis and tau pathology, which are present in AD brains, appear to be sporadic in nature. We have previously shown that infantile lead (Pb) exposure is associated with a change in the expression and regulation of the amyloid precursor protein (APP) and its beta amyloid (A ) products in old age. Here we report that infantile Pb exposure elevated the mRNA and protein levels of tau as well as its transcriptional regulators namely specificity protein 1 and 3 (Sp1 and Sp3) in aged primates. These changes were also accompanied by an enhancement in site-specific tau phosphorylation as well as an increase in the mRNA and protein levels of cyclin dependent kinase 5 (cdk5). There was also a change in the protein ratio of p35/p25 with more Serine/Threonine phosphatase activity present in aged primates exposed to Pb as infants. These molecular alterations favored abundant tau phosphorylation and immunoreactivity in the frontal cortex of aged primates with prior Pb exposure. These findings provide more evidence that neurodegenerative diseases may be products of environmental influences that occur during the development.
Introduction
Alzheimer's disease (AD) is the most common form of dementia that affects aging individuals. This age-related disease is characterized by changes in brain anatomy, biology, and function (Kitazawa et al., 2009) . Mutations in three genes; the amyloid precursor protein (APP), presenilin 1 (PSEN 1), presenilin 2 (PSEN2) have been implicated in the familial early onset (<65years) autosomal dominant form of AD (EOAD) (Liddell et al., 2001 ). On the other hand, Late onset AD (LOAD) represents over 90% of the cases (>65 years) is sporadic in nature and of unknown cause. The unexplained etiology of LOAD maybe linked to environmental factors acting during the formation of the brain to predetermine disease outcomes later in life (Migliore and Coppede, 2009 ).
Epidemiological observations have provided evidence showing that in addition to genetic and life-style factors, environmental exposures during the perinatal and infant phases of life influence the etiology of some adult chronic non-communicable diseases (Gluckman and Hanson, 2004) . This is postulated by the "Developmental Origins of Adult Disease" (DOAD) doctrine, which states that reprogramming of genes at the developmental stage, plays a pivotal role in the latent expression of specific genes thus contributing to adult pathogenesis (Barker, 1999 , Barker et al., 1989 .
While no conclusive epidemiological evidence has been published to confirm the connection between early life Pb exposure and AD, evidence for the association between exposure to Pb and cognitive decline in humans has been established in several longitudinal and crosssectional studies in the elderly (Nordberg et al., 2000 , Weisskopf et al., 2007 . Mild cognitive impairment likely occurs at an intermediate stage on the way to AD. Furthermore, recent studies have demonstrated that rodents that were exposed to Pb Postnatally performed poorly on cognitive tests as aged adults (Bihaqi et al., 2013) .
In addition to cognitive decline in animals with prior Pb exposure, rodents and primates exhibit latent overexpression of genes and proteins associated with the amyloid pathway, and enhancement of AD pathology is seen in primates (Basha et al., 2005a , Wu et al., 2008 . Furthermore, genome-wide mRNA expression profiling and methylomic analysis revealed that a set of genes are reprogrammed by Pb exposure during development thus altering their expression in the aging brain via epigenetic mechanisms .
Neurofibrillary degeneration and -amyloidosis are both essential features of AD; however, each one of these lesions can exist without the other (Iqbal et al., 2010) . Neurofibrillary degeneration in the absence of -amyloid is also seen in several tauopathies such as Guam parkinsonism dementia complex, dementia pugilistica, corticobasal degeneration, Pick's disease and FTDP-17 tau (frontotemporal dementia with parkinsonism linked with chromosome 17 and tau mutations) and progressive supranuclear palsy (Iqbal et al., 2010) . Furthermore, neurofibrillary pathology not -amyloidosis correlates best with the presence of dementia in humans (Burns et al., 1997) .
While earlier studies from our lab focused on APP and its amyloidogenic A product, the effect of environmental exposure on tau pathology, was unclear. Non human primates express amyloid plaques and tau tangles in a manner homologous to humans (Price and Sisodia, 1994, Voytko, 1998) . In order to study the effect of developmental Pb exposure on the expression of tau and its related proteins later in life, we examined the cerebral cortex of aged Cynomolgus monkeys who were exposed to Pb as infants (Wu et al., 2008) .
Materials and Methods

Animal exposure
In 1980, a cohort of female monkeys (Macaca fascicularis) were randomly assigned at birth to one of two exposure groups: one received 1.5 mg/kg/day of Pb-acetate (Sigma-aldrich, MO) from birth until 400 days of age via infant formula and vehicle after weaning (n=5), whereas the other group served as a control group and received formula or vehicle only (n=4). No overt signs of toxicity or health-related problems were observed in the animals as a result of Pb exposure (Rice, 1990 (Rice, , 1992 . The primates were then transferred to the National Institutes of Health (NIH) facility until termination in 2003 at ~23 years of age.
Animals were sacrificed following CO 2 exposure and multiple organ tissues, including the brain, were collected and stored at −80°C until further use. Previous studies reported the blood Pb levels of these animals at 400 days of age to average 19-26 g/dl in Pb-exposed primates compared with 3-6 g/dl in the controls (Rice, 1990 (Rice, , 1992 . Levels of Pb in the brain tissue at age 23 years were measured by us using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and found to be the same (background level) in both control and developmentally-exposed animals (Wu et al., 2008) . All animal procedures were conducted under the supervision of a licensed veterinarian according to a National Institute on Environmental Health Sciences-NIH-Approved animal protocol.
Western blot analysis
Brain protein content was measured using the BCA kit (Pierce Biotechnology, IL). Total protein (40 g) was separated on 4-15% Mini-Protean TGX ™ precast gels (BIO-RAD, MA) and then transferred to polyvinylidiene diflouride (PVDF) membranes. Immunoblotting for total tau, to the following antibodies diluted at 1:1000: mouse anti-Tau 46, anti-phospho-Tau [rabbit anti pThr-212 (Sigma Aldrich, MO), rabbit anti p-Thr-181, mouse anti pSer-396 (Cell Signaling technology, MA), rabbit anti p-Ser 235 (Abcam, MA)], rabbit anti-cdk5, and rabbit anti p35/25 (C64B10) (Cell Signaling technology, MA). On the following day, membranes were washed and exposed for 1 h to goat anti mouse/goat anti rabbit IRDye ® 680LT infrared dye (LI-COR Biotechnology, NE), diluted at 1:10,000. The images were developed using Odyssey infrared imaging system (Model-9120, LI-COR Biotechnology, NE). As a control for equal protein loading, membranes were stripped and reprobed for 2 h with mouse GAPDH antibody diluted at 1:5000 (Sigma-Aldrich, MO) at room temperature followed by washing and re-exposure to goat anti mouse IRDye ® 680LT infrared dye. After transferring to a PVDF membrane, the gel was stained with Bio-Safe Coomassie blue stain (Bio-Rad, CA) to assess the equal loading of the samples.
Total RNA isolation, synthesis of cDNA, and real-time PCR
RNA from various control and exposed monkey frontal cortical tissues was isolated according to the TRIzol method (Invitrogen, CA). First-strand cDNA was synthesized from 1.5 g of total RNA using the iScript cDNA synthesis kit (Bio-Rad, CA). cDNA was then amplified using real-time PCR. The SYBR Green qRT-PCR assay was performed in 25 l reactions in triplicates using 1.5 l of cDNA template, 1X SYBR Green master mix, 0.4 M forward and reverses primers, and deionized H 2 O. The following primers were used for tau, cdk5, Sp1, Sp3 and GAPDH: tau, sense-5 -GGT GGT CCG TAC TCC ACC TA-3 , antisense-5 -TTT GAG CCA CAC TTG GAC TG -3 ; cdk5, sense-5 -TCA TAG CCG CAA TGT GCT AC -3 , antisense-5 -TCG ATG GAC GTG GAG TAC AG -3 ; Sp1, sense-5 -CAA GCC CAA ACA ATC ACC TT-3 , antisense-5 -CAA TGG GTG TGA GAG TGG TG-3 ; Sp3, sense-5 -CCA GGA TGT GGT AAA GTC TA-3 , antisense-5 -CTC CAT TGT CTC ATT TCC AG-3 ; GAPDH, sense-5 -TGA AGC AGG CGT CGG AGG G -3 , antisense-5 -CGA AGG TGG AAG AGT GGG TG-3 . Each sample was done in triplicate. Amplification was carried out for all above genes with respective primer pairs in a 7500 Real-Time PCR System (Applied Biosystems, CA) following standard protocol. The initial step was 50°C for 2 min followed by 95°C for 10 min, then 42 cycles of 95°C for 15 sec and 60°C for 1 min. Results were analyzed with system software Sequence Detection Software (SDS) version 1.3, and expression was reported relative to GAPDH mRNA with 2 − Ct method.
Ser/Thr phosphatase assay
Evaluation of serine/threonine phosphatase (Ser/Thr) activity in aged primate cortex brain samples was examined using the Ser/Thr phosphatase assay kit 1 (Millipore, CA). Total protein (10 g) and 200 mM peptide (KRpTIRR) substrate were used per well to determine enzyme activity after a 15 min reaction. The enzyme reaction was terminated with 100 l Malachite Green solution and a subsequent 15 min was allowed for color development. Absorbance was measured at 650 nm with a plate reader (SpectraMax M5; Molecular Devices, CA). Enzyme activity was calculated from the amount of released phosphate in pmol phosphate/min/mg based on a phosphate standard curve.
Tissue preparation and Immunohistochemistry
The primate brains were dissected out, cut along the mid-sagittal plane, and each hemisphere was cut into 10 m sections and rapidly immersion fixed in 10% neutral buffered formalin. Prior to the embedding in the paraffin the brain sections containing the frontal association cortex were rinsed and taken through varying ethanol concentrations (Subaiea et al., 2013) .
In order to identify neurofibrillary degeneration, immunohistochemistry was undertaken by us. Endogenous peroxidase activity was removed by briefly washing the paraffin embedded section in buffered saline and 3% Hydrogen peroxide (H 2 O 2 ) for a duration of 30 min. After rinsing the sections were incubated in PBS with 2% Bovine Serum Albumin (BSA) and 1% Triton X-100 blocking solution for 30 min, followed by rinsing with PBS. The section were incubated overnight at 4°C with 1:200 AT8 antibody (Innogenetics, GA), which recognizes phosphorylated tau at Ser 198 and Ser 209 regions. On the following, day the section were washed with PBS and incubated with biotinylated secondary antibody, goat Anti-Mouse IgG Antibody (Vector Labs, Burlingame, CA) of 1:500 dilution for 30 min and then incubated with horseradish peroxidase HRP-conjugated streptavidin (Vector Labs, Burlingame, CA) for 30 min. After washing the sections with PBS the immunoreactivity was detected and visualized using the substrate 3-3, diaminobenzidine (DAB) (Vector Labs, Burlingame, CA). Cover slips on the sections were mounted with permanent mounting medium (Vector Labs, Burlingame, CA).
Statistical analysis
Western blot bands were quantified by using the LI-COR/Odyssey infrared image system (LI-COR Biosciences, NE). All the measurements were made in triplicates and all values were represented as mean ± S.E.M. The significance of difference between means of experimental groups was determined via one-way ANOVA, Tukey-Kramer multiple comparison post hoc test and student Newman-Keuls comparison post hoc test, using Graph pad Prism 3.0 computer software (company/state). The level of significance was set at p< 0.05.
Results
Total tau and phosphorylated tau levels
Our results indicate that primates with developmental exposure to Pb displayed a significant (p<0.05) increase in the protein level of total tau at 23 years of age compared to agematched controls (Fig. 1) . The site-specific phosphorylation of tau was examined using four different phosphorylation-dependent antibodies to specific residues of tau in Western blots of the cerebral cortex; these include threonine 212 (Thr-212), threonine 181(Thr-181), serine 396 (Ser-396), and serine 235 (Ser-235). Aged primates developmentally exposed to Pb, showed a significant (p<0.05, p<0.001) threefold increase in tau phosphorylation at 23 years of age in comparison to age-matched controls ( Fig. 2A-D) .
Cdk5 and p35/25 protein levels
The increased phosphorylation on many residues in cortical tissue of aged primates developmentally exposed to Pb could be caused by the activation of kinases and other activators. Western blot examination revealed an increase in the protein level of cdk5 and a subsequent decrease in the levels of p35, a neuron-specific activator of cdk5 (p<0.05) in the frontal cortical region of aged primates with infantile Pb exposure as compared to agedmatched controls (Fig 3A) . Furthermore, our results indicated a significant (p<0.001) increase in the levels of p25 (truncated form of p35) in primates with infantile Pb exposure as compared to aged matched control (Fig 3B) .
mRNA levels of tau, cdk5, Sp1 and Sp3
The latent effect of developmental exposure of Pb on the mRNA expression of tau, cdk5, Sp1, and Sp3 relative to GAPDH was examined using real-time PCR. Our results indicate a significant (p<0.001) increase in the mRNA levels of tau, cdk5, Sp1 and Sp3 in aged primates with developmental Pb exposure in comparison to control groups (Fig. 4) .
Activity of serine/threonine phosphatases
We investigated the activity of total Ser/Thr protein phosphatases in the frontal cortex of aged control primates as well as aged primates with infantile Pb exposure. Our results show a significant (p<0.05) increase in the activity of total Ser/Thr protein phosphatases in 23-year-old primates with developmental Pb exposure as compared to age-matched controls (Fig. 5) .
Tau pathology
Immunohistochemical analysis of the frontal association cortex was undertaken to determine if the observed molecular alterations in tau levels were accompanied by qualitative changes in the pathological features of the brains of these animals. The brains of aged monkeys developmentally exposed to Pb revealed an increase in phosphorylated tau immunoreactivity and deposits compared to age-matched controls (Fig. 6 ).
Discussion
The persistence of heavy metals in the environment has been of great concern and poses a a potential risk to the environment and human health (Lone et al., 2008) . The heavy metal Pb is a potent neurotoxicant and children are believed to be the most vulnerable to Pb toxicity due to a causal link between low-level chronic exposure to Pb and deficiencies in intelligence quotients at blood levels below the CDC safe level of 10 g/dl (Bijoor et al., 2012 , Canfield et al., 2003 , Ziegler et al., 1978 . While some studies have indicated that exposure to Pb in early life could have long-term effects (Needleman et al., 1990) , our lab has provided convincing evidence from studies in rodents and primates indicating that indicated early life exposure has a latent impact on neurodegenerative processes (Bihaqi et al., 2011) , thereby introducing the first environmental model of early life exposure that predetermines outcomes of the aging brain through epigenetic reprogramming (Bihaqi et al., 2011) .
Given the important implications of these findings linking early life Pb exposure to latent increases in the expression of AD related genes; it became apparent that other ADassociated genes and proteins should also be investigated to further clarify the role of Pb in influencing the pathogenesis of AD. The protein tau is predominantly found in neuronal axons where it modulates the stability and assembly of microtubules thereby ensuring axonal growth and effective axonal transport. The loss of normal tau function can be harmful and its consequences can promote neurodegenerative disease (Gendron and Petrucelli, 2009) . Our results reveal a large increase in the total tau protein and mRNA levels in the cerebral cortex of aged primates developmentally exposed to Pb.
Specificity proteins (Sp1, Sp3 and Sp4) have been associated as major transcription factor binding to GC box in neuronal cells. The promoter of the tau gene is GC (guanine-cytosine) rich and contains Sp1 binding motifs proximal to exon 1. Sp1 binding sites are thought to be involved with the control of the neuronal specific expression of tau (Citron et al., 2008, Heicklen-Klein and Ginzburg, 2000) , and our lab has previously demonstrated the importance of Sp1 as mediator in Pb induced latent increases in transcriptional processes (Basha et al., 2005b) . Consistent with our previous reports, primates developmentally exposed to Pb exhibited a significant increase in Sp1 and Sp3 mRNA levels, thus suggesting that both tau and its transcriptional activator may be subject to developmental epigenetic reprogramming (Mastroeni et al., 2011) , which may have resulted in the up-regulation of the de novo synthesis of total tau at older ages.
Hyperphosphorylation of the cytoskeletal protein tau is responsible for the formation of neurofibrillary tangles (NFT) (Gendron and Petrucelli, 2009 ). Hyperphosphorylation of tau is known to contribute to impaired microtubule assembly in brain extracts from AD patients (Iqbal et al., 1986) . The functional impact of tau phosphorylation depends on the specific phosphorylation sites and the extent of phosphorylation (Liu et al., 2007) . In addition, hyperphosphorylated tau from AD brains has been found to segregate from normal tau, and self-assemble into tangles of paired helical/straight filaments (Alonso et al., 1994 , Alonso et al., 1997 . The increase in total tau content found in aged primates after infantile Pb exposure provides more substrates for phosphorylation. We show that 23 year-old primates with developmental exposure to Pb exhibit an increase in phosphorylation at the following sites; Thr 181, Thr 212, Ser 396, and Ser 235. These observations agree with studies by Hu et al., who observed increased levels of total tau and tau phosphorylated at Ser-396/Ser-404 in AD patients (Hu et al., 2002) , and other studies that have found increases in phosphorylation of Thr-181 and Ser-235 in AD patients (Sengupta et al., 2006) . Thr-212 is among the most readily phosphorylated sites in tau and a possible cause of tau acquiring toxic activity in AD brains (Alonso Adel et al., 2004) .
The process of phosphorylation is driven by numerous kinases including the cdk5, with activators p35 and p39 directing its activity (Dhavan and Tsai, 2001) . Studies have found cdk5/p35 to play a pivotal role in neuronal migration and differentiation of immature neurons as well as in neurotransmitter release (Tomizawa et al., 2002) . Conversion of p35 to p25 has been implicated in the aberrant cdk5 activity advocating its role in AD. In addition, p35 is truncated to p25 in AD and the complex of cdk5 and p25 leads to mislocalization of the kinase to the soma, resulting in neuronal degeneration (Patrick et al., 1999) . Recent reports have shown cytoskeletal disruptions and hyperphosphorylation of tau in transgenic mice that are similar to the AD pathology in mice expressing human p25 (Cruz et al., 2003) .
Our results revealed an upregulation in the protein and mRNA levels of cdk5, a decrease in the regulatory p35 and subsequent increase in p25 (Fig. 3B) . These changes were also accompanied by increases in Sp1 and Sp3 mRNA levels (Fig. 4) . Furthermore, earlier reports by Valin et al., showed the importance of repeated GC box elements that bind Sp1, Sp3 and Sp4 in-vitro, to direct neuron-specific expression of the cdk5 regulator p35 (Valin et al., 2009 ). Thus, these posttranslational regulators of tau may also be subject to the same epigenetic reprogramming and transcriptional machinery that also impacts tau gene expression, culminating in not only an elevation of total tau but also in the enzymes involved in its phosphorylation (Bihaqi et al., 2012) .
These variable changes in cdk5 accompanied by the increased phosphorylation of tau on multiple sites in primates with infantile exposure to Pb suggest that impaired activity of protein phosphatases capable of dephosphorylating many sites on tau may also contribute to tau hyperphosphorylation. Among the various Ser/Thr phosphatases present in the brain, protein phosphatase 1 (PP1), protein phosphatase 2A (PP2A) and protein phosphatase 2B (PP2B) are the major ones (Cohen, 1989 , Liu et al., 2005 . PP2A constitutes about 90% of total protein phosphatase activity (Gong et al., 1995) . Seminal studies by Rahman et al observed that Pb exposure induces overexpression of PP1 and PP2B, and over activation of PP2A in primary human neurons. Such changes have been associated with learning and memory impairment (Rahman et al., 2011) .
Consistent with earlier findings, our results revealed a significant increase in Ser/Thr phosphatase activity in primates developmentally exposed to Pb. Since tau acts as a substrate for kinases as well as phosphatases, the increased Ser/Thr phosphatase activity in aged primates exposed to Pb as infants maybe attributed to an effort to counterbalance the action of kinases. However, the overall outcome appears to favor an overabundance of phosphorylated tau as the increase in tau phosphorylation was much higher than the over activation of phosphatases.
The molecular and biochemical changes observed in 23 year old primates are also accompanied by AD like pathology in the exposed primates. Addition to changes in amyloidosis previously reported by us (Wu et al., 2008) , intracellular staining revealed a qualitative enhancement in the accumulation of immunoreactivity for phosphorylated tau and tau deposits in Pb exposed primates (Fig. 6) . Support for the possibility of developmental exposure to Pb resulting in the formation of tau pathology in humans was demonstrated in a patient who survived severe Pb toxicity at 2 years of age, and died of severe mental deterioration at the age of 42; his brain exhibited senile plaques and neurofibrillary tangles (NFTs) (Niklowitz and Mandybur, 1975) .
Although these studies are limited by the small number of primates available for this study, the findings suggest a role for early Pb exposure in the pathogenesis of AD and other tauopathies and demonstrate the importance of the period of exposure and the developmental stage of the brain in sustaining damage that can increase susceptibility to such neurodegeneration later in life.
Fig. 1. Expression of total tau in aged primates exposed to Pb as infants
Changes in tau protein levels in the cerebral cortex of control and Pb-exposed primate brains (PbE, exposed as infants only) were monitored using Western blot. (Top) Immunoblots of total tau protein; (Bottom) mean +/− SEMs (n=4). Western blot results were normalized against GAPDH. *p<0.05 as compared to control 23-year olds. Changes in tau phosphorylation in the cerebral cortex of control and Pb-exposed primate brains (PbE, exposed as infants only) were monitored using Western blot analysis. Relative phosphorylated tau levels (A) Thr-212 (B) Thr-181 (C) Ser-396 (D) Ser-235. Diagrams represents mean +/− SEMs (n=3). Western blot results were normalized against GAPDH. *p<0.05, ***p<0.001 as compared to control 23-year olds. Protein expression of cdk5 and p35/p25 in the cerebral cortex of control and Pb-exposed primate brains (PbE, exposed as infants only) was monitored using Western blot. Relative protein signal (A) cdk5 (B) p35/p25. The bar diagram represents mean +/− SEMs (n=3). Western blot results were normalized against GAPDH. *p<0.05, ***p<0.001 as compared to control 23year old. Tau, cdk5, Sp1 and Sp3 mRNA levels in the cerebral cortex of control and Pb-exposed primate brains (PbE, exposed as infants only) were analyzed using RT-PCR. The bar diagram represents mean +/− SEMs (n=3). mRNA levels were relative to GAPDH. ***p<0.001 as compared to control 23-year old. Ser/Thr Phosphatase activity in the cerebral cortex of control and Pb-exposed primate brains (PbE, exposed as infants only) were measured by using Ser/Thr phosphatase assay kit. The bar diagram represents mean +/− SEMs (n=3). *p<0.05 as compared to control 23-year old. Immunohistochemical detection of enhanced phosphorylated tau reactivity by AT8 antibody in the frontal cortex of Control and Pb-exposed (PbE, exposed as infants only) 23-year old Cynomolgus monkeys. Original magnifications: 20X (top); 60X (bottom). The arrows denote phosphorylated tau immunoreactivity.
